A highly specific aggregation factor for Streptococcus sanguis Hi (AFR1) was obtained by lysozyme treatment of Actinomyces viscosus T14V. At 1 [.g/ml, AFH1 aggregated a suspension of S. sanguis Hi, with which A. viscosus T14V coaggregates by a mechanism not inhibited by lactose; even at much higher levels AFH1 caused little or no aggregation of streptococci from other coaggregation groups (J. 0. Cisar et al., Infect. Immun. 24:742-752, 1979 Actinomyces viscosus and Actinomyces naeslundii, and both genera were separated into several groups based upon their coaggregation patterns (7, 21 (20) . These four strains were kindly provided by Paul E. Kolenbrander (National Institute for Dental Research, Bethesda, Md.). Organisms were grown overnight in a medium described previously (7) under an atmosphere of 85% N.-10% H.-5% CO, with shaking. Harvested cells were suspended in 50% glycerol and kept at -20°C until used.
A highly specific aggregation factor for Streptococcus sanguis Hi (AFR1) was obtained by lysozyme treatment of Actinomyces viscosus T14V. At 1 [.g/ml, AFH1 aggregated a suspension of S. sanguis Hi, with which A. viscosus T14V coaggregates by a mechanism not inhibited by lactose; even at much higher levels AFH1 caused little or no aggregation of streptococci from other coaggregation groups (J. 0. Cisar et al., Infect. Immun. 24:742-752, 1979 ). The most active fraction of AFH1 obtained by gel chromatography (near the void volume of BioGel A1.Sm) reacted as a single antigen with anti-A. viscoslus T14V serum and was unrelated to the fimbrial antigens of A. viscosus T14V. Smaller molecular fractions, at high levels, inhibited aggregation of S. sanguis HI by high-molecularweight AFH1 as well as coaggregation of S. sanguis Hi with A. viscosus T14V. The AFH1 fraction with high aggregating activity was composed of approximately 53% cell wall components (alanine, glutamine, lysine, N-acetylglucosamine, and N-acetylmuramic acid), 40% polysaccharide (N-acetylgalactosamine, rhamnose, and 6-deoxytalose), and 7% protein; teichoic acid was not detected. The fraction which inhibited aggregation and coaggregation contained much less of the cell wall constituents and more of the polysaccharide than the fraction with potent aggregating activity. Aggregation was completely prevented either by treating AFH1 with 0.01 M periodate at 25°C for 4 h or by treating S. sanguis Hi with heat or pronase. A role for electrostatic forces in the aggregation was indicated by: (i) NaCl inhibition of aggregation, and (ii) a great decrease in aggregation potency as a result of chemical modification of either cationic or anionic groups of AFH1. On the other hand, NaCl reversed the aggregation only very weakly. The overall data suggest that a carbohydrate-protein interaction may be dominant in the aggregation of S. sanguis Hi by AFH1 and in the coaggregation of S. sanguis Hi with A. viscosus T14V.
The importance of specific interspecies surface reactions among bacteria in the development of dental plaque was implied in the artificial plaque model of Bladen et al. (2) and was postulated by Gibbons and Nygaard (13) who demonstrated numerous examples of interbacterial aggregation when specific pairs of bacteria were mixed together (coaggregation). Subsequently, there have been several contributions which have been reviewed previously (4, 7, 21, 23, 24) .
Many strains of Streptococcus sanguis from human dental plaque were reported to coaggregate with a high percentage of oral strains of t Present address: Department of Preventive Dentistry, Kagoshima University Dental School, Usuki-Cho, Kagoshima 890, Japan.
Actinomyces viscosus and Actinomyces naeslundii, and both genera were separated into several groups based upon their coaggregation patterns (7, 21) . These coaggregations are thought to depend on the reaction of a lectin on one cell with a carbohydrate on the other. Lactose inhibits all coaggregations in which the actinomycete carries a lectin for carbohydratecontaining receptors on certain streptococci. In contrast, this sugar generally does not inhibit those coaggregations in which the lectin-like component appears on the streptococcal surface with its receptor on the actinomycete. As nothing was known about the structure of the putative carbohydrate components in coaggregations not inhibited by lactose, we chose to investigate one of them.
Previous studies (7, 21) (20) . These four strains were kindly provided by Paul E. Kolenbrander (National Institute for Dental Research, Bethesda, Md.). Organisms were grown overnight in a medium described previously (7) under an atmosphere of 85% N.-10% H.-5% CO, with shaking. Harvested cells were suspended in 50% glycerol and kept at -20°C until used.
Preparation of crude aggregation factor (AFHI). To the washed cell suspension of A. i'scosus T14V (approximately 2 mg/ml, dry weight) in 5 mM potassium phosphate buffer (pH 7.0), egg white lysozyme (grade VI; Sigma Chemical Co., St. Louis, Mo.) was added at 2 mg/ml. The reaction mixture, with 0.03% NaN3 as a preservative, was incubated at 36°C for 2, 4, 6, 8, and 24 h, and the aggregating activity of the supernatant and the coaggregating activity of the cell residue were measured. Incubation for 8 h gave the best yield of S. sanguiis HI aggregating activity in the supernatant and was therefore chosen for routine preparation of AFH1. After the incubation with lysozyme, A. v4iscosus T14V cells were removed by centrifugation; the cell-free supernatant was kept at 4°C, and solid trichloroacetic acid was added to 5% (wt/vol). After 1 h at 4°C, the precipitate was removed by centrifugation; the supernatant was adjusted to pH 7 Coaggregation-aggregation assay. The procedure for the measurement of coaggregation was as described previously (23) , except that the buffer was at pH 6.5 and contained 5 mM phosphate, 50 mM NaCI. 0.1 mM Electron microscopy. The methods employed for electron microscopy were described previously (10) ; lead staining was by the method of Reynolds (27) .
Immunological procedures. The conditions for crossed immunoelectrophoresis, the preparation of anti-A. v'is(OSuS T14V serum, and the isolation of fimbrial antigens were described previously (5, 6, 8, 10, 26) .
Chemical analyses. For the identification and quantitative estimation of sugars, we employed gas chromatography-mass spectrometry of alditol acetates (29) VOL. 40, 1983 on January 26, 2018 by guest http://iai.asm.org/ Downloaded from prepared from acid hydrolysates (1 N HCl, 4 h, 100°C). Acetylation was at 100°C for 15 h with sodium acetate as catalyst. For gas chromatography we used a Hewlett-Packard 5710A instrument with an SE30 fused silica column (30 m by 0.241 mm). The column temperature was 145°C for 10 min, programmed at 2°C per min to 275°C with a helium velocity of 20 cm/s, attenuation 256. For mass spectrometry, a Vacuum Generator MM16 low-resolution mass spectrograph was used in the electron impact mode. Samples were introduced through a Pye-Unicam gas chromatograph with the column and temperature program indicated above. Synthetic 6-deoxy-L-talose (6-DOT), which was used as a standard, was kindly provided by 0. Gabriel, Georgetown University, Washington, D.C. (12) . Methylpentoses were also measured colorimetrically according to Dische and Shettles (11) , using Lrhamnose as a standard. As 6-DOT gave approximately 150% of the value of rhamnose in this method (9, 22) , the methylpentose content of AFH1 was corrected to the ratio of 6-DOT to rhamnose obtained by the gas chromatographic analysis. Muramic acid was estimated by the method of Rondle and Morgan after separation from other amino sugars according to Kent and Strange (19 (Fig. 1 ). The absorbance of the A. viscosus T14V cell suspension increased in a few minutes after the addition of lysozyme and maintained that level during the experiment. When NaCl (0.5 M final concentration) was added to the reaction mixture after 8 h, the optical density decreased markedly, indicating cell lysis. These results and our electron microscopic observations (see below) are analogous to reports from other laboratories (14, 15, 30) . Electron microscopic observations. Under the electron microscope we observed that A. viscosus T14V lost the surface fimbriae during the 8-h lysozyme treatment but that the cell still contained some cytoplasmic elements and maintained the rod shape ( Fig. 2A and B) . Studies on the aggregation of S. sanguis Hi by AFH1 showed a fibrous network extending from cell to cell ( Fig. 2C and D) . By negative staining, AFH1 alone did not show a fibrous structure (results not shown).
Fractionation of crude AFH1. When crude AFH1 from A. viscosus T14V (approximately 200 aggregation units per mg) was chromatographed on Bio-Gel A1.5m (Fig. 3) , three methylpentose-containing peaks were detected. The smallest peak appeared near the void volume (fraction I), whereas fractions II and III appeared in the region where Ve/Vo was between 1.4 and 2.0. Each fraction was rechromatographed on the same column, desalted, and lyophilized. When fraction III was further chromatographed on a Bio-Gel P150 column, it moved as a broad peak which began to emerge at the void volume and which moved ahead of dextran 80; thus, the molecular weight probably was in the 100,000 to 150,000 range. The percent aggregation of S. sanguis Hi caused by different concentrations of these fractions is shown in Fig. 4 . Fraction I had many times the potency of fraction II, although a high percentage of aggregation was obtained with each of these fractions. In contrast, the maximum aggregation caused by fraction III was only 38% and the aggregation decreased at concentrations above 100 pLg/ml. Specfficity of AFH1. The ability of AFH1 to aggregate the representative strains of S. sanguis belonging to each of the coaggregation groups is shown in Table 2 . Even though AFH1 (fraction I) showed 83% aggregation of S. sanguis Hi at 1 ,ug/ml, strains 34 and J22 (coaggregation groups 3 and 4, respectively) were not aggregated by 200 p.g/ml. Fraction I had relatively slight aggregating activity for strain DL1 (40% aggregation with 100 ,ug of fraction I per ml). Also, fraction I failed to aggregate either of two mutant strains of S. sanguis HI (20) , which had lost all or most of their ability to coaggregate with A. viscosus T14V. Moreover, heated (85°C, 30 min) or pronase-treated S. sanguis Hi, which no longer coaggregated with A. viscosus T14V, was indifferent to the action of AFH1.
AFH1 was released only from actinomycetes which coaggregated well with S. sanguis Hi. Effect of NaCl on aggregation: inhibition and reversal. In studying the mechanism of S. sanguis Hi aggregation by AFH1, we found that NaCl and other salts inhibited the aggregation. Exploring further we found that NaCl was much more effective at inhibiting than at reversing the aggregation (Fig. 6 ). These data show the following. (i) The degree of either inhibition or reversal by NaCl is inversely related to the concentration of AFH1 causing the aggregation. (ii) There is a great difference in degree between inhibition and reversal at given concentrations offraction I and NaCl, e.g., 20 ,ug of fraction I per ml and 1 M NaCl.
By contrast 1 M NaCl inhibited coaggregation between S. sanguis Hi and A. viscosus T14V only weakly and inconsistently (7 to 17% inhibition). Aggregation and coaggregation inhibition by fraction III and lack of inhibition by monosaccharides. The data of Table 5 show that both fraction III and NaOH-NaBH4-treated fraction III (23) .
b For these tests fraction I, our most potent fraction of AFH1, was used at 1 ,ug/ml with strain Hi and at 100 ,ug/ml with all other strains. T14V and other members of coaggregation group A, we decided to measure the fraction III inhibition of S. sanguis Hi-A. naeslundii WVU45 coaggregation. These data, also in Table 5 , indicate that fraction III can inhibit this coaggregation system almost completely. It is noteworthy that A. naeslundii WVU45 coaggregated with S. sanguis Hi less completely than did A. viscosus T14V (compare control coaggregations, Table 5 footnotes), and we found that the S. sanguis Hi-A. naeslundii WVU45 coaggregation was much more sensitive to inhibition by sodium chloride (48% inhibition at 0.25 M, 83% inhibition of 0.55 M) than was S. sanguis Hi-A. viscosus T14V coaggregation. DISCUSSION The goals of this study were (i) the identification and characterization of the heat-and protease-resistant molecules on A. viscosus T14V that are essential for coaggregation with S. sanguis Hi and (ii) an understanding of how these molecules interact with S. sanguis Hi. Toward these ends we have isolated from A. viscosus T14V and partially characterized a high-molecular-weight fraction, AFHi (fraction I), which is very potent in aggregating S. sanguis Hi and which appears to carry one of two or more types of specific protease-and heat-resistant receptors which are involved in the coaggregation. Also Especially important is the fact that fraction III inhibited A. naeslundii WVU45-S. sanguis Hi coaggregation almost completely but could inhibit A. viscosus T14V-S. sanguis Hi coaggregation only partially (Table 5 ). This and observations (i), (ii), (iv), and (vi) above strongly support the suggestion of Kolenbrander (20) AFH (fraction I) appears to be a family of large molecules in the molecular weight range of one million to a few million. The ability to aggregate S. sanguis Hi appears related to molecular size; fraction III, which probably is in the 100,000 to 150,000 range, had little ability to aggregate S. sanguis Hi, and at high levels it inhibited aggregation by fraction I (Fig. 3 and 4 , Table 5 ). Fraction I behaved as a weakly charged anionic polymer on paper or gel electrophoresis. In chemical composition (Table 3) , fraction I contained no nucleic acid; if teichoic acid were present at all it was insignificant because we were unable to find either glycerol or ribitol by gas-liquid chromatographic analysis of the alditol acetates. Amino acids found in the cell wall, along with N-acetylglucosamine and N-acetylmuramic acid accounted for approximately 53% of fraction I, and these constituents accounted for a much smaller portion of fraction III. Conversely, 6-DOT, rhamnose, N-acetylgalactosamine increased in proportion from fraction I to fraction III. The fact that all other amino acids accounted for 7 to 8% of fraction I indicates that this fraction contained a small amount of protein. approximately fivefold greater than the reversal of aggregation. The fact that NaCI will inhibit these phenomena at all suggests the possibility that electrostatic interactions might be involved, but the lesser effectiveness of NaCl in reversing aggregation offers the possibility that another kind of interaction (e.g., lectin-carbohydrate) is very important. The involvement of electrostatic interactions is suggested also by the great loss of aggregation activity when either cationic or anionic groups of AFH1 are altered by the formation of derivatives (Table 4) . At the same time, the inhibition of aggregation and coaggregation by fraction III or NaOH-NaBH4-treated fraction III (Table 5) suggests a dominant role for a lectin-carbohydrate interaction. 
